Establishing metallic hydrogen is a goal of intensive theoretical and experimental work since 1935 when Wigner and Hungtinton [1] predicted that insulating molecular hydrogen will dissociate at high pressures and transform to a metal. This metal is predicted to be a superconductor with very high critical temperature [2] . In another scenario, the metallization can be realized through overlapping of electronic bands in molecular hydrogen in the similar 400-500 GPa pressure range [3] [4] [5] . The calculations are not accurate enough to predict which option will be realized. Our data are consistent with transforms of hydrogen to semimetal by closing the indirect band gap in the molecular phase III at pressure 360 GPa. Above this pressure, the metallic behaviour in the electrical conductivity appears, the reflection significantly increases. With pressure, the electrical conductivity strongly increases as measured up to 440 GPa. The Raman measurements evidence that hydrogen is in the molecular phase III at pressures at least up to 440 GPa. At higher pressures measured up to 480 GPa, the Raman signal gradually disappears indicating further transformation to a good molecular metal or to an atomic state.
which metallization is achieved is uncertain and a transformation to metal through a gradual closure of the bandgap is not excluded. Metallization by band overlap would be not as spectacular as the drastic transformation to an atomic state predicted by Wigner & Huntington, but the critical temperature Tc in the molecular metallic hydrogen might be even higher, and the physics of superconductivity could be very interesting [17] .
The metallization of hydrogen is a big experimental challenge, because it requires multimegabar pressures, which are extremely difficult to achieve, and usual optical and electrical measurements are extremely hard to perform. Here we briefly review a few experimental works attempting to make hydrogen metallic. A darkening, accompanied by a weak reflection observed in hydrogen at pressures about 200 GPa [18] was explained as closing of the bandgap of molecular hydrogen in phase III. In subsequent work where optical studies were performed up to 320 GPa [19] the metallization of hydrogen was estimated to be at about 450 GPa through a direct gap closure.
Another experimental route to metallic hydrogen was found at temperatures higher than the domain of the phase III. Two new phases (phase IV and phase V) were discovered at P > 200 GPa and T = 300 K [20] . The phase V at P >  280 GPa was found to be conductive. Optical studies [21, 22] In a recent paper [23] a transformation of hydrogen to the atomic state was reported. It is based on the measured reflection in several wavelengths. This work met a strong criticism [24] [25] [26] . In particular, the determination of pressure is uncertain and it is likely strongly overestimated. A reasonable value of reflectivity was obtained only at the measurements in the red part of the spectrum.
The reflection in this range was interpreted as an indication of the metallic state because of the increase of the reflectivity at lower temperatures. However the temperature dependence of the reflectivity should be negligible in the measured temperature range according to theory [27] . The only apparent remaining experimental evidence is the observed enhancement of the reflection, which however may be explained by the transformation to a metallic state considered in the earlier work [28] apparently at much lower pressures of 360 GPa. Obviously, the work of Ref [23] does not provide an evidence of transformation to a metallic atomic state, and the search for a hydrogen metal should be continued.
The present work is a continuation of the study in Ref. [28] , where a combine Raman and electrical studies of hydrogen up to pressures of 370 GPa were performed. It was found that at the highest pressures of 350 GPa hydrogen is conductive in the phase V. Upon further cooling, the resistance first drops strongly as soon as hydrogen transforms to the phase III, and then further decreases with a metallic-like temperature dependence. The disappearance of the photoconducting response and the disappearance of phonon peaks in the Raman spectra also supported a metallic state in phase III.
These first results were not conclusive and the sample was not characterized well enough.
In this work, we verified the assumption of a metallic state made in Ref. [28] . We reproduced the drop in resistance at the V-III phase transition, and the metallic temperature dependence in phase III. We extended the electrical measurements to pressures up to 440 GPa. The electrical data, together with the observed reflection, indicate a bandgap closure in phase III at  360 GPa and metallic (semimetallic) behaviour at higher pressures. At pressures P >  440 GPa only optical data are available and the vanishing of Raman spectra (measured up to 480 GPa) likely indicates a transformation to a good metal in a molecular or atomic state.
Results and discussions
The Raman spectra measured in the experiments together with electrical measurements at 100-190 K clearly indicated that hydrogen is molecular up to 360 GPa. The signal however is weak at higher pressures (this range was not explored in Ref. [28] because the enhanced luminescence). We succeeded in the measuring good Raman spectra over the entire range up to 480 GPa in a separate run without electrical leads with a thicker sample ( 1 -2 µm thick). We found, first, that at pressures above  320
GPa new subtle features appeared: a small splitting of peaks and appearance of a new small peak at  700 cm -1 (Fig. 2ab) . At higher pressures, hydrogen remains in molecular state at least to pressures of ~ 440 GPa as the phonon peaks persisted and smoothly change over the whole pressure range (Fig. 2a-c) .
The Raman intensity indicates on changes in the sample. The intensity peaks at a pressure of  320
GPa, and then drops sharply ( Fig. 2d and SM Fig. 2 ) to a pressure of  360 GPa. At higher pressures, the Raman intensity is nearly constant up to 400 GPa, then the Raman signal weakens, and it cannot be observed at pressures above 440 GPa. The changes in the intensity are related to the sample and not to an increase of absorption by the diamond anvil, as the Raman spectrum from the stressed diamond remains unchanged (inset of Fig. 2d ).
Measurements of electrical resistance are indispensable for the study of metallization. We performed combined electrical-Raman measurements in three runs at pressures up to  440 GPa. In all experiments the measurable conductivity was recorded only between electrodes that touches the hydrogen sample; no conductivity was observed between electrodes that did not touch the hydrogen sample. Nevertheless, since in principle there could be other sources of conductance in the experiment other than the sample, we carefully examined other possibilities. The contact of the electrodes with the metallic gasket was monitored and no shortage was observed. The insulating layer between the metallic gasket and the diamond anvil (see Fig. 5 in Ref. [29] ) is not conducting because we reproduced the same results in runs with very different insulating materials: CaSO4, CaF2 mixed with epoxy, NaCl.
MgO mixed with epoxy was used in Ref. [28] . Usage of a different gasket materials also rules out a possible reaction of hydrogen with the gasket. A contribution to the measured conductivity or photoconductivity from the diamond is unlikely or very small because the same result (a temperature dependence of the resistance and a similar value of the resistance ( Fig.1) was obtained in Ref. [28] , Fig. 9a , where electrodes were sputtered on the opposite anvils. A strong argument that conductivity is associated only with hydrogen is the drop of resistance at the transition from phase V to phase III which is consistent with the change in the Raman spectra (Figs 1,2) .
In all experimental runs we increased the pressure at low temperatures in the range of stability of phase III (T < 200 K). All three samples started weakly reflect at pressures P >  250 GPa (SM Fig.   1 ). The reflection noticeably increases, the sample darkens, and hydrogen started to conduct at a pressure of 365 GPa at a temperature 184 K in one run, and at 352 GPa and 190 K in another run. The temperature dependence R(T) was first measured at the pressure of 352 GPa. At this point, the sample was already in a metallic state according to the temperature dependence of the resistance, which decreased with cooling, suggesting a metallic behavior. However, the behavior is somehow anomalous, since the resistance increases below 100 K. With pressure, the overall resistance strongly drops. The R(T) curve is nearly flat but still slightly increases upon cooling, but activation energy is small:  few meV. A photoconductivity can be measured too, but likely, it is related not to the sample but stressed diamond anvils (SM Fig. 6 ).
The maximum conductivity achieved at the highest pressure of 440 GPa can be roughly to a semimetal [30] . When the overlap between the valence and conduction band is just starting, the number of carriers is extremely small and the interaction between electrons and holes is only weakly screened; therefore, the electrons and holes form nonconductive bound states (excitons) and the resistance increases upon lowering the temperature. This means that at an extremely low overlap semimetal would become an excitonic insulator [30] . With pressure, as the overlap increases, the number of carriers increases and the temperature dependence of resistance gradually changes to the metallic-like. The unusual increase of the resistance upon cooling was observed in some semimetals such as Bi [30] . I2 and Br2, which also form diatomic molecular crystals, should exhibit behaviour similar to hydrogen, but their band closure is not well documented (see Ref. [30] for further references).
The closest case for comparison is xenon. The metallization of Xe is well characterized both in optical and electrical experiments [31] [32] [33] . Xenon is an unusual metal -after the closure of the gap at  130
GPa it is transparent in the metallic state, and it is opaque only at P >  200 GPa (SM Figs 3,4) . The temperature dependence of electrical resistance is amazingly similar to that of hydrogen: xenon upon cooling shows first a metallic behaviour (a negative temperature coefficient) but changes to a semiconducting-like at low temperatures. Interestingly, the value of the resistivity of metallic xenon can be even higher than that of hydrogen. Thus, the high value of the resistance and the observed temperature dependence seen in hydrogen ( Fig. 1 ) in fact is not surprising and can be easily explained by a low concentration of free carriers after the bandgap closure due to overlap.
The Raman spectra behave in accordance with the closure of the bandgap. The enhancement of Raman scattering of hydrogen at pressures above 250 -300 GPa and the subsequent drop can be explained by a resonance of the excitation radiation with a direct band gap [34] . Alternatively, the drop of intensity can be explained by transition from the monoclinic C2/c structure (which is the most likely structure for the phase III) to a new phase at P  320 GPa (Fig. 2b) . The new phase III' might be one of the competing "mixed" molecular-atomic structures C2/c, Pbcn, and Cmca-12 identified by calculations [12] . The new phase remains unchanged in the range of 360 -440 GPa, the structure of the Raman spectra does not change.
The sharp drop in the Raman intensity at  360 GPa agrees with the closure of the bandgap.
After the closure, while becoming weak, the Raman signal is observable, because the excitation light from the laser can penetrate in the sample due to the small screening by free carriers at low densities.
Phonon as well as vibron Raman spectra smoothly change at pressure above 320 GPa (Fig. 2b) , indicating that there is no structural transition at P360 GPa, and that hydrogen remains in the molecular phase III'. At higher pressures, the Raman signal vanishes likely because of a gradual transformation to a good metal due to increasing overlap of the bands, still in the molecular state, or due to a transition to the atomic state. To elucidate this, electrical measurements should be extended to P > 440 GPa.
At the time of submission of this paper a new theoretical calculation appeared [35] . We found it is in a good agreement with our work. The main result, the indirect closing of the gap in a molecular phase was predicted at 380 -390 GPa at 100 -200 K, which is close to our experimental data. In addition, a new molecular phase was found at 270 GPa, near to  320 GPa, where we observed the new phase. According to the calculations [35] , the new phase III' can be assigned to the Pbcn structure.
Our combine Raman and electrical measurements allow us to construct a new phase diagram (Fig. 3) and to establish a new domain of metallic state of hydrogen at P > 360 GPa and T < 200 K  phase VI in Fig. 3 . The vertical boundary between phases III' and the phase VI (which is structurally identical to phase III', but in the metallic state) (two blue points in Fig. 3 ) was determined from measurements of the resistance when pressure was increased at low temperatures. The horizontal boundary between phases V and VI was obtained by the observation of pronounced changes in the resistance and the Raman spectra characteristic to these phases as shown as an example in SM Fig. 5 .
Methods
Combined electrical and Raman measurements were performed in a diamond anvil cell (DAC).
We used bevelled anvils with culets of diameter 18-20 µm. Four electrodes (tantalum covered with gold) were sputtered directly on the surface of a diamond anvil (SM Fig. 1 and Ref.
[29] Fig. 5 ). In one experiment, all four electrodes touched the sample (SM Fig. 1 ). In the two another runs, two or three electrodes touched the sample, and the resistance of the electrodes (100 Ohms) was added to the measurements. We did not use any protection layer against hydrogen (such as Al2O3) because the experiments were done at low temperatures. The electrodes were separated from the metallic gasket by an insulation layer made of different materials, for instance, CaF2 mixed with epoxy.
Hydrogen was loaded by condensing it at T < 20 K in a cavity around the anvils and clamping it in liquid or solid state. The thickness of the sample was 1 -2 µm when loaded in liquid state in the hole, or 0.1 µm when it clamped in solid state on the surface of the gasket.
We measured the Raman spectra of hydrogen through synthetic pure diamond anvils (type IIa), which have very low intrinsic luminescence even at the highest pressures (Fig. 2, SM Figs 2.5) . At a pressure of 280 GPa, we reduced the intensity of the HeNe laser in 5 times to the value of < 1 mW.
This precaution was taken to prevent the known failure of diamonds, which happens under an illumination at the highest pressures.
The pressure was determined from the shift of the Raman spectra of the stressed diamonds anvils. The step at the high frequency edge of the diamond spectra (Fig. 2a,e) was well resolved and can be used for a reliable determination of the maximum pressure achieved as 480 GPa according to the Akahama [36] or 500 GPa in our updated scale [37] . The scales were extrapolated to higher pressures from 400 GPa. For consistency we use the scale [36] in this work. (a) Raman spectra are shifted with respect to each other to follow the transformation of the spectra. The spectra are characteristic for phase III over the whole pressure range as can be seen from the smooth pressure dependence of the phonons (b) Note that at a pressure of 350 GPa, a strong luminescence also appeared at 2200 cm -1 (indicated by arrows). The pressure value is accidental: in other runs it appeared at 310 GPa, and 210 GPa. The luminescence was first observed by Liu nd Vohra in 1996 and is associated with the stressed diamond, not the hydrogen sample (SM Fig. 6 ).
(c) Vibrons of the phases III (black circles) and phase V (green circles) under pressure. Because of the luminescence, vibron in phase III can be tracked only to 370 GPa. This luminescence shifts to higher wavenumbers with pressure so the low frequency range can be measured as well as the Raman spectra of the stressed diamond to determine the pressure.
(d) The intensity of phonon (the strongest peak at 740 cm -1 at 322 GPa was selected, other peaks behave similarly with pressure) and vibron spectra versus pressure. Even though it is much weaker at pressures above 330 GPa, the phonon spectra can be tracked up to 430 GPa due to the very low-luminescence synthetic diamonds. The inset demonstrates that the Raman signal from diamond does not change appreciably with pressure in contrast to the phonons and vibron. A small increase may come from a drift of the intensity of the laser with time. (e) At pressures above 440 GPa only the Raman signal from the diamond anvil can be measured. The pressure can be reliably determined from the shift of the high frequency edge of the diamond spectra. The maximum achieved pressure is 480 GPa according to Akahama or 500 GPa on our updated scale. (c) hydrogen with four electrodes at P > 400 GPa and T=45 K at the combined transmission-reflection illumination. Diamond anvils in this case are of natural Ia type, and it was difficult to determine the pressure exactly because of the very high absorption of the stressed diamonds -they have brown color. d) Photoconductive response. The measured resistance is accompanied by photoconductivity at pressures P > 310 GPa, i. e. it drops under the laser illumination. The upper curve (blue line) shows a measurement of the resistance upon cooling without laser illumination. Upon subsequent warming, the sample was periodically illuminated for Raman measurements and a strong drop in resistance (photoconductivity) is observed. At temperatures above 150 K, the pressure was gradually increased -this caused a decrease of resistance measured at higher temperatures. The photoconductive response is slow (minutes). We attribute this photoconductivity to diamond as no photoconductivity was observed in Ref. [28] when we placed the electrodes on the opposite anvils, and thus no conductivity from diamond was possible. In the present work, all electrodes were deposited on the anvils and the surface or bulk of conductivity or photoconductivity of diamond can interfere the measurements. Surface conductivity is unlikely as the diamonds were cleaned in argon-oxygen reactive plasma with low-energy ions. A bulk conductivity can be ruled out as diamond is a dielectric with a wide band-gap of 5.5 eV, but not photoconductivity  diamond is a good photoconductor in ultraviolet range at ambient pressure (Hiscock and Collins 1999). The band gap decreases dramatically in the stressed diamond anvils (Surh, Louie et al. 1992)(Ruoff, Luo et al. 1991) and its closure is estimated to occur at 600-700 GPa (Ruoff, Vohra). The bandgap of the diamond is indirect and thus difficult to determine from absorption measurements. However, we can determine precisely the bandgap of the stressed diamond in our experiments. An indicator is the strong luminescence, which appears at high pressures: at 360 GPa (Fig 2a) or at lower pressure in other runs: 320 GPa and 250 GPa. This luminescence was first observed by Liu and Vohra(Liu and Vohra 1996); we observed this luminescence in many experiments. It can arise at different pressures depending on the particular geometry of the anvils and the gasket -on particular stresses inside the anvil, and easily observed in synthetic anvils (pure material) and low temperatures. Liu and Vohra (Liu and Vohra 1996) mentioned a likely electronic nature of the luminescence but did not explain it. The nature of the luminescence is actually clear -it originates from recombination of free excitons. In this recombination process, when electronic transitions occur between the conductive and valence bands in the luminescence process, the wave vector is conserved by the emission or absorption of phonons. The strongest peak at the luminescence spectrum (Fig. 2a) is associated with the emittance of transverse-optic (TO) phonon. Therefore the band gap E g is equal to the energy of this peak plus the phonon energy. E TO = 0.14 eV at ambient pressure. The phonons strongly stiffen with pressure so that the TO phonon frequency is equal to 0.3 -0.4 eV at 400 GPa (extrapolation from Ref. Kunc, Loa et al. 2003 ). The luminescence peak at  2150 cm -1 (or 1.69 eV in energy) appeared at 360 GPa (Fig.2b) . Thus, the band gap is  2.1 eV at this pressure, and decreases with pressure to ~1.65 eV at 480 GPa according to the shift of the luminescence peak. Still, optical measurements with HeNe laser (hω = 1.959 eV) are possible because of the weak indirect absorption and very small stressed region of ~10 µm. The absorption can be very strong however in natural diamonds with impurities (c), which precludes optical measurements with the laser. The stressed diamond anvil with a band gap of 1.65-2.1 eV is an insulator, and no conductivity is expected in the 100-200 K temperature range. However, photoconductivity can occur when carriers are generated with illumination The photoconductivity should appear together with the luminescence: the generated carriers either bind to excitons and then recombine (luminescence) or participate in electrical conductivity (photoconductivity). The photoconducting response is proportional to the lifetime of the carrier, and the lifetime can be large in pure materials. Synthetic diamonds are actually very pure: 0.1-1 ppm. 
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